Abstract The dopant bumetanide (BMT) was banned by the World Anti-Doping Agency. The authors describe a voltammetric sensor for the determination of BMT in urine that is based on the use of a glassy carbon electrode modified with reduced graphene oxide (GCE/rGO). The GCE/rGO was prepared by electrodeposition from a solution of GO. The oxidation of BMT occurs best at +0.75 V in the GCE/rGO with an approximately 13-fold gain in the anode current compared to a conventional GCE. The oxidation mechanism was investigated by means of electrolysis, while the analysis of the products was carried out via the LC-MS/MS. Under optimized conditions (scan rate 100 mV s . The sensor was successfully applied and validated by LC-MS/MS analysis of spiked urine sample.
Introduction
Bumetanide [3-(butylamino)-4-phenoxy-5-sulfamoylbenzoic], (BMT), is considered an effectively potent diuretic of the sulfamyl category [1, 2] presenting short yet quick action. As a result, this substance is widely used by competitive athletes in order to increase their urine flow, reduce weight and eliminate other possible evidence of illicit substances in their urine [3, 4] . Since 2004, the World Anti-Doping Agency (WADA) has been publishing a list of prohibited substances used by athletes with the aim of increasing their performance [5, 6] . At present, the WADA Code serves as an umbrella institution to more than 660 organizations including the International Olympic Committee and the International Football Federation (FIFA). The nature of its activities requires the services of accredited laboratories. In order to guarantee the principles of fair competition they need established accurate and sensitive analytical methods. Besides the rigid control of stimulants, narcotics, anabolic agents, β-blockers, glucocorticosteroids peptide hormone and others, the use of diuretics has been limited to a maximum of 250 ng mL −1 in urine [7] . Thus, there is a need for analytical methods capable of determining and quantifying diuretics in biological fluids.
The main methods known in the literature for BMT analysis include spectrophotometry [8] , capillary zone electrophoresis [9] , flow injection technique with fluorimetric detection [1] and HPLC methods coupled to mass spectrometry [10] . While these techniques have particular relevance when it comes to the analysis of BMT in complex biological matrices, they commonly exhibit undesirable analysis characteristics [11] . The electroanalytical sensors capable of improving signal and regardless of the need for sample preparation [12] are also demonstrated using copper (II) phthalocyanine complex in the quest for the determination of BMT. The authors indicated that the complex promotes electrocatalysis of BMT Electronic supplementary material The online version of this article (doi:10.1007/s00604-017-2443-5) contains supplementary material, which is available to authorized users. reaching a limit of quantification of 9.0 × 10 −7 mol L −1 [13] .
Nevertheless, the most of these studies have limited linear region and higher detection limit than required for determination of BMT in urine. Graphene -a flat thin sheet of carbon atoms having sp 2 bonds, has attracted great interest in the development of electrochemical sensors due to its large surface area, excellent electrical conductivity, high capacitance and versatility [14, 15] . Particularly, the reduced graphene oxide (rGO) form has been widely applied in sensors owing to its higher conductivity compared to graphene oxide (GO) [16] . This form can be generated through chemical reduction reactions [16] and via electrochemical reduction [17] of graphene oxide. The strategy via electrochemical reduction has gained attention since it can be acquired directly in situ by electrodeposition [18] amplifying the performance while simplifying the construction process of the electroanalytical sensor. The present work aims to explore the potential of the electrochemical reduction of graphene oxide in the modification of a glassy carbon electrode for the determination of BMT. The electrochemical oxidation mechanism was investigated and the products generated were identified by liquid chromatography with detection by mass spectrometry (LC-MS/MS). A voltammetric sensor was optimized via the testing of different parameters and the device was successfully applied for BMT determination in urine sample without any pretreatment at compatible levels required in doping analyses.
Experimental Reagents and equipments
All chemicals used in this work were of analytical grade, and the solutions were prepared using ultra-pure water (Milli-Q® system, Millipore). Bumetanide (purity ≥98.0%), graphene oxide (4 mg mL The electrodeposition of the graphene oxide solution previously prepared was carried out through the application of a potential of −1.4 V during 500 s on the previously cleaned GCE [19] . Following modification, the glassy carbon electrode modified with reduced graphene oxide (GCE/rGO) was washed and maintained for 15 min at room temperature aiming at drying the film. Modification with graphene oxide was prepared by dropping 10 μL of the suspension prepared above (0.1 mg mL −1 of GO in 0.10 mol L −1 sodium sulfate solution) on the surface of the GCE and maintained at room temperature for drying and film formation (4 h).
Electrochemical measurements
All electrochemical measurements were carried out in an electrochemical cell of 10.0 mL with three-electrode system containing working (GCE e GCE/rGO), auxiliary (platinum wire), and reference (Ag|AgCl; KCl, 3 mol L buffer (pH 4.0) for the electrode surface stabilization [20] .
Electrochemical impedance spectroscopy (EIS) measurements were performed using 5 mmol L 
LC-MS/MS analysis
The products of the electrolysis were identified by LC-MS/ MS equipped with a Phenomenex Kinetex PFP column (150 × 4.6 mm; 5 μm). The mobile phase used for elution of the samples was a mixture of ultra-pure water containing 0.10% formic acid (A) and methanol (B) with a gradient programming of 0-2 min 5% B, 2-12 min 5-100% B, 12-13 min 100% B, 13-14 min 100-5% B, and 14-20 min5% B, using the flow rate of 1 mL min −1 and sample injection volume of 20 μL [20] . The ion source was operated in an electrospray positive mode at 600°C in the following conditions of ionization: ion spray voltage of 5500 V; curtain gas of 20 psi; nebulizer gas 1 of 50 psi; nebulizer gas 2 of 50 psi; declustering potential 31 V and entrance potential of 10 V [20] .
Preparation and analysis of synthetic urine samples
The synthetic urine sample was prepared as described in the following reference [21] . The synthetic urine sample was subsequently spiked with 6.86 × 10 −7 mol L −1 of BMT (equivalent to 250 ng mL
). Then, 4 mL of synthetic urine samples was inserted without any previous treatment in an electrochemical cell containing 6 mL of buffer (pH 4.0) (equivalent to 100 ng mL −1 of BMT in the electrochemical cell).
Analysis of human urine sample
Human urine sample was collected from a healthy person who was volunteered. 10 mL of sample was spiked with 6.86 × 10 −7 mol L −1 of BMT (equivalent to 250 ng mL
). Then, 4 mL of the sample was inserted without any prior treatment in an electrochemical cell containing 6 mL of buffer (pH 4.0) (equivalent to 100 ng mL −1 of BMT in the electrochemical cell). For the analyses of urine samples via LC-MS/MS, a cleanup through a solid extraction process was employed. In a Phenomenex Strata-X 33u cartridge (200 mg, 3 mL), previously conditioned with methanol (3 mL) and Milli-Q water (3 mL), 4 mL sample (equivalent to 6.86 × 10 −7 mol L −1
) was added for extraction. After the sample loading, the sorbent was washed with 2 mL of Milli-Q water and dried for 1 min under nitrogen gas flow. Finally, the sample was eluted with 2 mL methanol and an aliquot (150 μL of sample + 150 μL of Milli-Q water) was then inserted in vials for analysis by LC-MS/MS.
The chromatographic analyses were performed with the same mobile phase described in section 2.4 though with the following gradient programming: 0-2 min 30% B, 2-4 min 100% B, 4-5 min 100% B, 5-6 min 100-70% B, and 6-10 min 70% B.
Results and discussion
Characteristics of the GCE/rGO Scanning electron microscopy (SEM) analyses show a clean, flawless surface for CGE (Fig. S1I) . The GCE/GO presented an irregular shape with aspects of interconnected bulky blocks (Fig. S1II) [22, 23] . Following the electrochemical reduction of GO (Fig. S1III ), a surface with large roughness is seen, where the pairing of several layers of graphene can be observed [24] . These characteristics are corroborated by spectroscopy measurements cited in literature [25] [26] [27] [28] The charge transfer kinetics for GCE, GCE/GO and GCE/ rGO were evaluated by electrochemical impedance spectroscopy (EIS) measurements using 5 mmol L −1 of Fe(CN) 6 3−/4− in 0.1 mol L −1 of KCl. The value of charge transfer resistance (R ct ) for GCE is equivalent to 265 Ω (Fig. S2I) . After modification of the GCE with GO film, there is an increase of R ct to 2.96 kΩ (Fig. S2II ). This relative increase in the value of R ct can be attributed to the large amount of oxygen-containing group which tends to reduce the conductivity of the material as a result of the decrease of sp 2 bonds between carbons [22, 29] . The lowest value of R ct = 62.6 Ω was for GCE/rGO (Fig. S2III) , suggesting that restoration of the π-network occurs, leading to a rise in conductivity of the material [30] .
Electrochemical behavior of BMT on GCE/rGO GCE/GO (b) and GCE/rGO (c). BMT is oxidized at 0.75 V on GCE (Fig. 1I) , featuring an irreversible process [31] . Already for the GCE/GO no peak was found (Fig. 1II ). This confirms that the lowest conductivity of the GO film hinders BMT oxidation. However, while the BMT electrochemical behavior on the surface of GCE/rGO is similar to the oxidation on the GCE, the peak intensity is found to be around 13 times higher when compared to unmodified electrode (Fig. 1III ). This outcome is attributed to the higher conductivity and the increased electroactive area of the GCE/rGO (as shown in this section). The effect of scan rate (v) on the oxidation of 100 μmol L v + 1.30 × 10 −6 (R 2 = 0.998), which led us to the conclusion that the charge transfer is controlled by adsorptive process [31] .
Taking into consideration the Laviron equation for irreversible process controlled by analyte adsorption expressed as 20, 32] , an estimation was made aiming at finding out the electrons involved in the process. From the slope of the relationship between E ap vs ln v, which follows the equation: E ap = 0.0247 ln v + 0.799 (R 2 = 0.994), the αn value was estimated. Substituting the values of R (8.314 J mol
), T (298 K) and F (96,485 C mol
), the αn value is 1.04. Considering the α value of around 0.5 [32] , the value of n is equal to 2.10, which indicates that BMT is oxidized after two electrons transfer process.
The active area of GCE and GCE/rGO was compared by cyclic voltammograms recorded for 1.00 mmol L ). B y u s i n g t h e R a n d l e s -S e v c i k e q u a t i o n 
Electrochemical oxidation mechanism of BMT
In order to propose an electrochemical oxidation mechanism for BMT on GCE/rGO, further experiments were carried out using controlled potential electrolysis as described in section 2.3.
Upon the completion of the electrolysis on both GCE and GCE/rGO, the oxidation products were analyzed by LC − MS/MS as described in section 2.4. Figure 2I (Fig. 2II) .
After the diuretic electrolysis on GCE, the peak of the diuretic was observed at the same t rt. And m/z along with two oxidation products which were detected by LC − MS/ MS. The product with the highest signal intensity was found at t rt. of 10.4 min with m/z 363 ([M + H] + ) ( Fig. 2III) (P1) . The BMT fragment ion spectra (Fig. 2IV) showed m/z 346 (loss of 17 Da, −NH 3 ), m/z 304 (loss of 42 Da, −CH 2 CHCH 3 ) and m/z 238 (loss of 108 Da, −SO 2 and -CO 2 ).
The second product with lower signal intensity was observed at t rt. 8.5 min with m/z 381 ([M + H] + ) (Fig. 2V ) (P2). The BMT fragment ion spectra (Fig. 2VI) showed m/z 363 (loss of 18 Da, −H 2 0), m/z 282 (loss of 81 Da, −NH 3 and −SO 2 ) and m/z 254 (loss of 28 Da, −CH 2 CH 2 ). All of the fragments mentioned are shown in Table S1 .
Nonetheless, when BMT is electrolyzed at oxidation potential on GCE/rGO, beyond the peak of BMT at 9.3 min with m/z 365, only the product with m/z 381 at 8.5 min was observed (P2) with the same fragments ions shown in Fig. 2VI .
Taking into account all the studies performed, we suggest the following electrochemical mechanism in Scheme 1 [33] . The secondary amine group in the BMT in aqueous solution on GCE is oxidized after two electrons transfer and loss of two protons, generating the product P1. The following hydroxyl group addition on P1 gives rise to P2 on GCE. Nevertheless, it is worth pointing out that the BMT oxidation process on GCE/ rGO leads to the formation of only P2 product. This can be regarded as a proof reflecting the greater acceleration of the oxidation process which entails the immediate oxidation of P1 to P2, detected here only as final product of oxidation.
Electroanalytical determination of BMT
Guided by the goal of obtaining lower levels of BMT detection using the GCE/rGO sensor the following parameters were optimized: (a) Sample pH value; (b) Electroanalytical method; (c) Accumulation time. Respective data and Figures (Fig. S3) are given in the Electronic Supporting Material. The following experimental conditions were found to give best results: (a) A sample pH value of 4.0; (b) linear sweep adsorptive stripping voltammetry (LSAdSV) as an electrochemical method; (c) 25 s as accumulation time.
The analytical performance of the method was tested using the above optimized conditions. An analytical curve was constructed in the range of 0.255 to 50.0 μmol L −1 of BMT ( Table 1 . From these data, it is possible to conclude that our method presents better performance in relation to the linear response and detection limits in agreement with other voltammetric methods found in the literature [13, 34] . The intra-day repeatability was verified by 10 consecutive analyses for solutions containing concentrations of BMT of 0.50 and 15.0 μmol L −1
, where the relative standard deviations (RSD) found were 3.40 and 2.70%, respectively. The repeatability in 5 modifications was analyzed for the concentrations of 0.50 and 15.0 μmol L −1 of BMT, where RSD among 5 modified electrodes were in the range of 0.80 to 4.0% and 0.30 to 1.8%, respectively. These data indicate that the GCE/rGO does not undergo poisoning during the consecutive tests since the solution is stirred between measurements. Moreover, the sensor is seen to be robust as it presented low (Fig. S4I ). All the tested compounds at considered concentrations, except FUR, no exhibited anodic peak close to BMT, presented well-defined voltammetric peaks with a relatively good resolution of the diuretic. As can be seen in Fig. S4I , the percentages between the i ap of the BMT in the presence of compounds interfering (i inter. ) on the i ap of the BMT (i BMT ) for UA (•), CR (■), GL (○) and UR (□) were in the range of 98.8-104, 95.6-102, 96.5-99.5 and 97.5-103%, respectively. This indicates that these substances showed no interference in the i ap of BMT in the concentration range studied because they did not present a peak overlap. Testing furosemide as interfering (▲), an anodic peak was observed at +0.994 V, as shown in Fig. S4II . However, for a FUR concentration up to 4 times higher (in the case 60 μmol L −1
) than BMT concentration, no interference in the i ap was observed, because the oxidation of furosemide is observed 80 mV after BMT, enabling the determination of both, BMT and FUR, without interference in the studied concentrations. The relationship of percentages between the i ap of the BMT in the presence of FUR (i inter. ) for the concentration range of 1.5 to 60 μmol L −1 were between 96.2-100%.
Application of the method
The performance of the GCE/rGO sensor was initially applied in tap water samples spiked with 15.0 μmol L −1 of BMT. The diuretic recoveries were in the range of 99.3 to 101%, indicating that the error is inferior (or equal) to 1% (Table S2 ). In addition, the calculated value of t (t calc. ) was found to be smaller compared to that of the tabulated t (t tab. ), showing that there is no significant difference at 95% confidence interval between the fortified and recovered concentrations. These data indicate a relatively good applicability of the method. The applicability of CGE/rGO was also tested in a synthetic urine sample previously prepared (section 2.5). Applying the standard addition method, the value found was 6.72
, which represents 97.9% of recovery. The applicability of CGE/rGO was also tested in real human urine sample. The BMT concentration in the sample was found through the standard addition method and the results are shown in Table 2 . For comparison, the method was compared with the LC-MS/MS technique. As can be seen in Table 2 , the concentration of BMT found in the sample was similar in both methods. By computing the Students t test (paired t-test), the value found was 0.511, which is lower than the value of the tabulated t (4.30) [35] . Thus, the results presented no significant difference at 95% confidence between the two methods. 
Conclusion
The results of our present work indicate that glassy carbon electrode modified with reduced graphene oxide (GCE/rGO) can be a good alternative for determining BMT in urine sample at low levels. The modification of the electrode with a reduced graphene oxide (rGO) reduced the charge transfer resistance besides increasing drastically increase in the peak intensity of BMT compared to the GCE. The studies of controlled potential electrolysis indicated that the amine group is oxidized in the molecule and the final product identified by LC-MS-MS is found to be similarly on both GCE and GCE/ rGO. Interestingly, however, the intermediate of the reaction is not identified during the oxidation on modified electrode when compared to the GCE electrode, suggesting a rapid formation of the final product. The sensor was successfully employed in urine sample containing the allowable concentration level of BMT set out by WADA. The comparison was performed by the LC-MS/MS method. It is noteworthy that the results pointed out no significant difference between the two methods, indicating that the GCE/rGO sensor can be successfully applied in urine samples. Furthermore, the fact that this sensor presented lower detection limit and higher linear relationship compared with other works reported in the literature for the determination of BMT diuretic renders it a suitable alternative when it comes to such analyses.
